Efforts to characterize food webs have generated two influential approaches that reduce the complexity of natural communities. The traditional approach groups individuals based on their species identity, while recently developed approaches group individuals based on their body size. While each approach has provided important insights, they have largely been used in parallel in different systems. Consequently, it remains unclear how body size and species identity interact, hampering our ability to develop a more holistic framework that integrates both approaches. We address this conceptual gap by developing a framework which describes how both approaches are related to each other, revealing that both approaches share common but untested assumptions about how variation across size classes or species influences differences in ecological interactions among consumers. Using freshwater mesocosms with dragonfly larvae as predators, we then experimentally demonstrate that while body size strongly determined how predators affected communities, these size effects were species specific and frequently nonlinear, violating a key assumption underlying both size-and species-based approaches. Consequently, neither purely species-nor size-based approaches were adequate to predict functional differences among predators. Instead, functional differences emerged from the synergistic effects of body size and species identity. This clearly demonstrates the need to integrate size-and species-based approaches to predict functional diversity within communities.
Introduction
To cope with the apparent complexity of natural communities, ecology has traditionally taken a reductionist approach. For instance, in food webs, organisms are traditionally grouped into species (or trophic groups containing multiple species) based on the Linnean taxonomic system [1] . This approach, however, has several limitations. First, species identity itself cannot be used to a priori predict the strength and type of ecological interactions of organisms without additional information about the trait and biology of the species. Secondly, it ignores any variation in ecological interactions with species, despite the growing evidence indicating that functional differences within species can rival or even exceed differences between species [2] [3] [4] [5] .
To overcome the limitations of this 'curse of the Latin binomial' [6] , an alternative size-based approach has been developed, which ignores the taxonomic identity of individuals and instead groups individuals by their body mass to describe the dynamics and structure of whole communities [1, 7] . This sizebased approach is based on empirical work demonstrating that (i) natural communities often exhibit regular size-abundance relationships (i.e. size spectra [8] [9] [10] [11] [12] ) and (ii) body size is a key factor determining ecological interactions (e.g. who eats whom and at what rate [13] [14] [15] ). Consequently, unlike species-based approaches, size-based approaches have the potential to provide a mechanistic framework to predict species interactions and community dynamics [1, 14, 16] but are still based on just one variable. Such a mechanistic, purely size-based approach has been successfully applied to study the structure and dynamics & 2014 The Author(s) Published by the Royal Society. All rights reserved.
of marine and some terrestrial ecosystems and guide conservation and management strategies [12, [17] [18] [19] [20] [21] .
Despite this success and rapidly increasing implementation of a size-based approach to food web ecology [1, 6, 16, 22, 23] , it remains unclear how well it can explain functional differences among consumers, i.e. how consumers differ in their effect on a given community. A key assumption underlying a purely size-based approach is that differences in the direct and indirect interactions of individuals (and thus functional differences) can fully be explained by differences in the size of individuals (i.e. species identity does not matter). Yet, there is clear evidence that similar-sized individuals of different species can have different diets, even within guilds of consumers [3, [24] [25] [26] [27] [28] [29] . This variation among species, but within size classes, demonstrates that other species traits (e.g. morphology and behaviour) can be important for determining functional differences among consumer individuals [30] . This suggests that size and species identity are both important for determining the functional role of individuals, because knowing only the species or the size class of a given individual may not adequately describe its function in a community [3, 31] . Yet, most studies (especially food web studies) to date assume that one approach or the other alone is sufficient to model the dynamics of natural communities. The extent to which size and species interact to determine differences in the ecological interactions of individuals therefore remains unclear, hampering our ability to develop a more holistic, integrative framework that accounts for both body size and species identity.
The utility of purely size-or species-based approaches not only depends on whether differences in trophic interactions are larger among size classes or species, but also on how the species interactions change with size during ontogeny. For instance, if species-specific differences in ecological interactions remain constant with change in size during ontogeny, body size and species effects are additive, and either a purely size-or species-based approach can be valid ( figure 1a versus 1b) . However, if differences in interactions between species change with size during ontogeny, neither approach by itself can correctly describe functional diversity (figure 1c-e). For instance, the diversity of resources used by individual consumers typically increases with size [31] . If the diversity of potential resources is limited for small but not large size classes, smaller size classes could be forced to use the same resources, increasing their ecological similarity. Large size classes could more effectively partition resources, reducing functional overlap (i.e. increasing dissimilarity) in ecological interactions among species with increasing size. The opposite pattern could emerge if large but not small size classes are limited by the diversity of resources ( figure  1c,d ) . In other words, species identity might matter only at certain body sizes or ontogenetic stages. Alternatively, changes in the presence and strength of ecological interactions during ontogeny may be species specific and/or nonlinear, and functional differences among species could be unrelated to the size of organisms (figure 1e). Identifying which scenario is present in natural communities is crucial to predict how losing certain organism groups affect natural communities. For instance, if body size explains most of the functional diversity within communities, size-selective harvesting can strongly alter ecosystem functioning. However, if species diversity, not body size, determines functional diversity, size-selective harvesting may have comparatively little influence on ecosystem functioning as long as species diversity is preserved.
Here, we experimentally test, for the first time, how the effects of body size and species identity interact with each other to determine functional differences among predators within a complex aquatic community. By quantifying changes in community structure, we demonstrate that the differences in ecological interactions among predators are influenced by both size and species identity effects but that there was no consistent effect of size across species. As a consequence, body size and species identity effects were not additive, and functional differences between predators increased or decreased with size across species depending on the specific species involved. These results demonstrate that neither species-based nor purely size-based approaches are adequate to predict functional diversity in natural communities. This indicates the need of a synergistic approach that unites both body size and species identity to predict functional diversity and how ecosystems respond to community disturbance. Figure 1 . To determine how body size and species identity influence functional differences among consumers, we can use results from community ordination techniques (non-metric multidimensional scaling (nMDS) or PCO) summarizing the effect of individuals on a reference community. Symbols and colours represent species and arrows indicate how communities shift between the smallest and largest size class of consumers during ontogeny. For clarity, similar size ranges are shown, but the concept applies also to situations when size ranges can vary across species given that they have some overlap; in such scenarios, the beginnings, ends and length of arrows would vary across species but they would still remain parallel for (a,b). (a) Traditional taxonomic approach: differences in trophic interactions among species exceed those among size classes within species. (b) Purely size-based approach: differences among size classes are greater than among species. Both (a,b) require that relative differences across species remain constant across size or species, i.e. are additive (arrows are parallel). (c-e) Effects of taxonomy and body size are non-additive, and differences among species either (c) increase with size, (d) decrease with size or (e) show no consistent pattern. Note that differences among size classes can also be nonlinear (e.g. in panel (e), black triangle species).
Material and methods
Identifying how functional differences among consumers are influenced by size and species identity is challenging in natural communities because community structure varies substantially across space and time. To limit this variation, we took an experimental approach in which we independently manipulated the body size and species identity of predators in a full factorial design, with each combination of predator species and size class introduced separately to a replicate of a complex reference community. Previous studies demonstrate that changes in community structure are directly linked to a range of ecosystem processes [2, 3] . Thus, any difference in the community structure among predator treatments indicated differences in their functional roles. This allowed us to use well-developed multivariate statistics to partition the variance in community structure to identify how size and species identity interact to influence differences in direct and indirect ecological interactions (and thus functional differences) among consumers.
(a) Focal species
We focused on a guild of larvae of three libelullid dragonfly species that commonly co-occur in fishless pond communities in southeast Texas: Erythemis simplicicollis, Plathemis lydia and Pachydiplax longipennis. These are the most abundant species in our study sites and have highly size-structured populations. Dragonfly larvae are generalist predators that can strongly influence the composition of fishless pond communities [2, 32, 33] . While all three focal species are likely to overlap in their diet, they also differ to some extent in their morphology and microhabitat use; E. simplicicollis prefers vegetation, P. longipennis prefers leaf litter and P. lydia prefers the sediment (see the electronic supplementary material).
(b) Experimental design
The experiment used a 3 Â 3 factorial design which independently manipulated the species identity (three species) and size (small (S), medium (M) and large (L)) of individual predators plus a control without a focal predator addition, resulting in 10 total treatments. Each treatment was replicated six times and arranged in a randomized complete block design. We picked the three size classes to keep the mass (and head width) of individuals within a size class as constant as possible across species, within the constraints imposed by the natural differences in body morphology (see the electronic supplementary material, table S1 for details). Because large instars were on average approximately three and approximately eight times heavier than medium and small instars across species, respectively (electronic supplementary material, table S1), we adjusted the number of individuals per mesocosm using the same ratio (three L individual, nine M or 24 S). This assured that total dragonfly biomass varied on average less than 15% across predator treatments while keeping total density constant within a size treatment across species. Individual differences among species could differ more or less because differences in morphologies of species prevent a perfect biomass match (electronic supplementary material, table S1). We found no significant difference in the proportional survival of focal predators among treatments (GLM with binomial error, x 2 ¼ 0.509, p . 0.999). All densities are within the range observed in nature.
(c) Experimental communities
Experiments were carried out in outdoor mesocosms consisting of 62.5-l plastic containers (L Â W Â H: 67 Â 41 Â 31 cm) filled with reconditioned tap water (to a depth of 25 cm) and approximately 2 cm of sand substrate (see the electronic supplementary material). To account for potential differences in microhabitat use among species, we created three equally sized habitat zones that differed in vegetation and leaf litter composition within a mesocosm (see the electronic supplementary material). Complex communities were established by stocking animals from local fishless pond communities (see the electronic supplementary material). After one week of exposure to focal consumer treatments, we quantified animal biomass and community structure by collecting all animals within a mesocosm, and counting, measuring and weighing more than 36 560 individuals from 47 morphospecies covering a diverse range of taxa, functional groups and size classes (electronic supplementary material, table S2).
(d) Statistical analysis
Because each of the nine predator 'groups' was allowed to interact with the same reference community, differences in the final community structure reflect all the differences among predators in the direct and indirect interactions with communities, i.e. their functional differences. We used a combination of multivariate non-parametric permutational statistics based on BrayCurtis distances to partition the variance in community structure (see the electronic supplementary material for details) to test the hypotheses outlined in figure 1a-e about the relative and joint effects of size versus species identity for determining differences among predators.
First, we tested for overall differences in community structure among treatments using PERMANOVA [34, 35] , with size and species as fixed factors and spatial block as a random factor. If there is no significant interaction, size and species identity have independent effects, and we can partition the variance explained by each factor to determine the relative importance of factors (i.e. distinguish between figure 1a,b). However, a significant interaction among size and species identity treatments would indicate that size and species identity effects are not independent, i.e. functional similarity among species changes with size (figure 1c -e). Given a significant interaction effect, we can then determine whether functional similarity predictably scales with size (e.g. whether it increases or decreased with size; figure  1c,d ). This was done by calculating the average distance among treatments following Huygens' theorem as p (sum of all squared inter-centroid distances of all species treatments within a given size class/number of species; see the electronic supplementary material). Comparing these distances among size treatments indicates whether and how differences among species change with size. In addition, we also examined the per-biomass effect of predators on different trophic groups. To account for the small variation in initial total predator mass across treatments (electronic supplementary material, table S1), we also tested whether total predator mass was significantly related to community structure, but this was never the case (see the electronic supplementary material for details and results). A detailed description of all statistical analysis is available in the electronic supplementary material.
Results (a) Community structure
While specific differences among predator treatments varied depending on how community structure was analysed ( figure 2a-d) , there was one general pattern: community structure was always significantly affected by the interaction of size and species treatments (figure 2e-h and table 1). This clearly indicates that size and species effects were not additive, and neither one alone was sufficient to explain functional differences among predators. The interaction between size and species identity emerged because there was no consistent rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20133203 effect of how changing predator size influenced community structure. Instead, the direction and magnitude of the effect of changing predator size frequently varied among species, which can easily be seen by comparing the direction and length of arrows in figure 2a-d. For instance, when community structure was based on proportional biomass of species (figure 2a,e), increasing predator size from medium to large altered species composition, shifting the centroid of the respective treatment in the opposite direction for P. longipennis compared to E. simplicicollis, and the magnitude of this shift Figure 2 . Consumer effect on community structure in the experiment. Two nMDS axes of proportional (a) biomass, (b) density of macrofauna, (c) density of zooplankton species and (d ) proportional abundance of different animal size classes for different predator treatments. Symbols show the average community structure (i.e. centroid) of a given treatment with size indicating the size class of a given species (P ¼ P. longipennis, L ¼ P. lydia, E ¼ E. simplicicollis). Arrows indicate transitions between small and medium (dashed) and medium and large (solid) size classes within species. Comparison of arrows for a given size transition across species indicates how size changes influence functional differences among predator species. Panels (e -h) show the corresponding species or size class loadings for panels (a -d ), with S1 indicating the smallest and S6 the largest size class. Only species with significant correlations are shown for clarity in panels (e-g). For full statistical analysis, see table 1. rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20133203 was larger for E. simplicicollis than P. longipennis. Moreover, the direction in which centroids shifted also changed between size classes within species. For instance, the shifts from small to medium and medium to large E. simplicicollis were almost exactly opposite in direction (figure 2a). Consequently, differences among species increased or decreased with predator size, depending on the specific predator combination. Furthermore, small and large size classes could be more similar to each other than to medium size classes, even within a single predator species. Thus, size did not have a consistent directional (linear) effect on how predators affected the structure of the community, even within species. It was also a poor predictor for identifying similarities in the impact of predators on the community.
There was, however, some indication that the average dissimilarity among species scaled with size, but this pattern varied depending on how community structure was analysed (figure 3). Functional dissimilarity among species almost doubled as predator size increased from small to large when community structure was based on density of macro invertebrates or body size structure (size spectra), while differences decreased with increasing size for zooplankton community structure. This pattern was only significant for macro invertebrate density and body size spectra (both p , 0.05) despite the large effect size (i.e. magnitude of change) for zooplankton. There was no clear pattern when community structure was based on biomass (figure 3), emphasizing the importance of characterizing communities in more than one way.
While we found a significant species effect for most metrics of community structure (table 1), differences among species did not stay constant with size. Consequently, differences between species were often smaller than differences within species. For example, when community structure was based on proportional biomass, communities with small P. lydia, medium E. simplicicollis and large P. longipennis were much more similar to each other than to any other size class treatment of conspecifics (figure 2a). Thus, just like size, species identity by itself was a poor predictor of functional similarity across all nine predator treatments.
Interestingly, we found that the size spectra (i.e. proportional abundance of individuals within a given size class) of communities were also significantly affected by the interaction of size and species identity treatments (table 1), but the relative differences among treatments mostly did not reflect differences observed in community analysis based on biomass or density of species ( figure 2d versus 2a-c) . This indicates that the observed differences in species-based community structure were not simply driven by differences in size preference of predators.
Discussion
Given the apparent complexity of natural communities, it is not surprising that ecology has taken a reductionist approach to analyse food webs. The challenge is to identify the smallest common denominator that can adequately capture this complexity. In recent years, there has been an increasing debate about whether the traditional species-based approach should be replaced with a potentially more mechanistic, purely sizebased approach to model natural communities [1, 6, 16, 23] . However, each approach makes simplifying and largely untested assumptions about how variation across size classes or species influences species interactions and thereby the impact of consumers on communities (figure 1). Our results show that the basic assumptions of both approaches are violated in our system: differences in ecological interactions among size classes within species could rival or even exceed differences among species, and the effects of changing consumer size on the community structure were highly species specific. As a consequence, neither species nor body size alone was sufficient to explain functional differences among consumers. Instead, we found that effects of body size and species identity are not independent and that differences in interactions among consumers were driven by the synergistic effects of size and species identity. This indicates that we need to account for both body size and species identity of individuals to predict how changes in community structure influence the functioning of natural ecosystems.
(a) Body size and the scaling of functional differences
Body size is increasingly recognized as a key trait influencing the dynamics and structure of natural communities [1, 6, 14, 16, 23, [36] [37] [38] . This has led to the development of purely size-based approaches to characterize communities, which ignore species identity of organisms and group individuals simply by their size [1, 7] . However, such purely size-based approaches assume (a) that interactions vary little among individuals within size classes across species, (b) that these differences within size classes do not change among size classes and (c) that functional similarity (i.e. impact on communities) should be highest for similar-sized organisms (figure 1b), although it is unclear how exactly functional differences scale with size. In our experiment, we found no evidence supporting assumptions (a-c). Instead, similar-sized individuals from different species could have vastly different effects on community structure, whereas consumers that differed up to eightfold in size could have almost identical effects, demonstrating that functional similarity was not higher within than between size classes. Importantly, we observed these differences in a group of closely related (all within the same family) generalist predator species with the same basic morphology, which should have increased the importance of size relative to species identity. This indicates that even among closely related organisms, the importance of species identity cannot be dismissed. Furthermore, we show that differences among consumer species within size classes did not remain constant across size classes, but increased or decreased depending on the specific consumer pair. Our results therefore challenge current purely size-based approaches to food web ecology and suggest that without accounting for species identity, we cannot predict the outcome of species interactions and impact of consumers on communities simply based on their body size. Consistent with previous studies [2, 3, 13, 24, 39 ], our results demonstrate that differences in body size are still of key importance for determining functional differences among consumers. For instance, different size classes within species frequently differed dramatically in their impact on community structure. Theory suggests that such differences in ecological interactions among stages within species can also alter longterm dynamics of populations and communities [15, 40, 41] . However, we also found that these important effects of body size are highly species specific. Differences between species within size classes likely reflect differences in functionally important traits among consumers [24] . In our system, all three species are known to differ to some extent in several traits, including their microhabitat use (see the electronic supplementary material for details). Assuming that other species in the community differ as well in their microhabitat use, each consumer species would interact with a different compartment of the food web. Thus, even if similar-sized consumers would prefer similar-sized prey, they would consume different prey types, which would lead to differences in the proportional abundance of species (i.e. community structure). This is consistent with our findings that species differed in their impact on invertebrates in the vegetation; E. simplicicollis preferred vegetation and had the strongest impact on biomass of invertebrates in the vegetation (see the electronic supplementary material, figure S1), while P. lydia, which prefers leaf litter found in vegetation strongly reduced the abundance of taxa that also preferred leaf litter (e.g. Caenis; figure 2e,f ) . Recent studies indicate that differences in other traits, such as feeding or hunting mode, or gape limitation, can also play an important role in altering how prey use changes with size [24, 29, 42] . Regardless of the exact mechanism, our results indicate that differences among species within a size class reflect species-specific trait differences which 'constrained' the functional similarity among similar-sized consumers. Such species-specific constraints of body size effects are likely to be common within a community, given that niche theory predicts that species with very similar traits are unlikely to occur in the same community [26, 43, 44] . Recent studies emphasize the need to include multiple ecological important traits of species to predict the complex structure of natural food webs [30, 45] . Our results suggest that this approach should be expanded to include trait differences among stages within species.
A largely unresolved question is how functional differences among individual consumers should scale with size [2, 3] . By using three species and multiple size classes within a single species in complex communities, we controlled for any species-specific effects that could confound this comparison. We found that functional differences do not necessarily scale positively with size, but can be nonlinear and increase or decrease depending on the specific species and response variable analysed. While this is consistent with one recent study on another dragonfly species [2] , these results seem to contrast with other studies (including dragonflies) which found that differences in diets often increase with size differences among individuals [46, 47] . In such scenarios, we could expect that differences in consumer impacts on communities increase with size. However, in complex communities, indirect interactions could result in functional differences among consumers that may not be proportional to differences in consumer diets [48, 49] . In addition, many animal taxa are known to exhibit clear ontogenetic niche shifts in their diet (e.g. owing to habitat shift) [50, 51] , in which case differences among consumers may be completely unrelated to their relative size difference. Recent studies indicate that such ontogenetic niche shifts within species can scale up to alter community dynamics [15, 40, 41] , whole ecosystem structure and processes [2, 3] , the stability of ecological networks and how communities respond to biodiversity loss [50] . Thus, it is unlikely that one universal rule determines the relationship between functional differences of consumers and their relative body size. 
density macrofauna density zooplankton body size Figure 3 . Mean (+1 s.e.) dissimilarity among species as a function of size. Dissimilarities indicate how much the average community structure differs among species within a given size class (see Material and methods for details). To facilitate comparisons, dissimilarities were standardized (divided) by the total variation among all treatments for a given response variable. Note that differences were calculated based on all PCO axes derived from the full distance matrix and thus cannot be directly derived from the nMDS plots in figure 2 which only show two axes.
rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20133203 (b) Reconciling size-and species-based approaches While it may not seem surprising that both species identity and body size are important in determining the functional role of consumers, purely size-and species-based approaches have largely been used in parallel. Ecologists have only recently become aware that in reality both factors are likely to be important, and little was known about their relative importance or how they interact with each other [22] . Yet, to integrate size-and species-based approaches, we need to identify whether there are general relationships that link the effects of body size and species identity. Our study presents an important first step forward in this process by providing a conceptual framework and experimental test that explicitly quantifies how the effects of body size and species identity scale with each other. For instance, we found that differences among species can increase with size during ontogeny (depending on the response variable). If such general patterns hold across systems, this would provide an important link between the size spectra of communities and species diversity that could allow us to predict functional diversity within communities. On the other hand, our study also shows that the effect of size changes can vary considerably and seemingly unpredictably across species. Our study focused on three closely related species and it is unclear how patterns might change in different taxa or if species were not closely related. For instance, one might expect that species-specific effects increase if species are from different families or orders. However, one previous study demonstrates that even if species are from completely different taxa (beetle versus dragonfly larvae), functional differences among species still varied with size and rivaled or exceeded differences among species [3] , suggesting that our findings are not system specific or restricted to close relatives. Unfortunately, unlike this study, the previous work did not examine species-specific differences along a size gradient, so it could not detect whether functional differences increased or decreased. While these studies are an important first step towards resolving the role of body size and species identity on functional differences among organisms, future studies are needed that quantify functional differences among size classes for a large range of species to cover a large range of trait differences (e.g. feeding mode, habitat use, morphology, etc.) [30] . Only then can we identify whether there are some general patterns that can predict how species interactions change during ontogeny, how this is related to phylogenetic relationships of species and what the underlying mechanisms are. The current and historical separation of size-based and species-specific approaches is largely one of convenience; grouping individuals only by species or solely by size is easier than keeping track of both. While either approach may give a close approximation to some natural systems, our results caution against blindly following one of these two exclusionary approaches because they simplify the inherent complexity of interactions structuring natural communities. Our results indicate that functional diversity is much more complex in natural communities than previously thought, and that losing species or size classes (e.g. owing to size-selective harvesting) will often have unanticipated consequences for natural ecosystems.
